Introduction
============

With the exception of treatment-related myelodysplastic syndromes (MDS), *de novo* MDS and the closely related secondary acute myeloid leukemia evolving from an antecedent MDS are diseases of the elderly. The median age at presentation is 71 years^[@b1-1021028],[@b2-1021028]^ and the yearly incidence rate increases from 2.5/10^5^ in the sixth decade to 30/10^5^ in the eighth decade of life to as high as 50/10^5^ (females) to 100/10^5^ (males) in patients \>80 years of age.^[@b1-1021028]^ These numbers may be underestimated, as MDS is likely underdiagnosed in the elderly.^[@b3-1021028]^ In children, refractory cytopenia of childhood and juvenile myelomonocytic leukemia are considered distinct entities more related to congenital bone marrow failure and familial leukemia syndromes than to adult MDS.^[@b4-1021028]^ Adult patients less than 50 years of age are sporadically affected by MDS, reflecting either an extreme polarity of age distribution of the disease, or, perhaps, similar to pediatric forms, constituting a separate pathological process. To determine whether MDS in younger adults should be considered a distinct disease sub-entity, we compared a cohort of what could be considered "early onset" MDS to a cohort of those diagnosed with MDS at a traditional age by contrasting specific clinical characteristics and molecular features.

Methods
=======

Patients' samples
-----------------

After obtaining informed consent according to protocols approved by the Cleveland Clinic Institution Review Board, marrow and blood samples were collected from patients (2003--2016) classified according to World Health Organization 2008 criteria,^[@b5-1021028]^ and whole exome sequencing (n=95), and/or multi-amplicon deep sequencing (n=539) was performed. Tumor DNA was extracted from the patients' marrow and wherever possible germline DNA was obtained from selected CD3^+^ T cells. Cases of clonal hematopoiesis of indeterminate potential (CHIP) were excluded from this study; all patients had to have dysplasia, increased blasts, or abnormal cytogenetics in order to be diagnosed with MDS.^[@b6-1021028]^

Next-generation sequencing
--------------------------

Whole exome capture was performed according to the manufacturer's protocol \[SureSelect®, ver. 4 (Agilent Technology)\].^[@b7-1021028],[@b8-1021028]^ The captured targets were subjected to massive parallel sequencing using the HiSeq 2000. Multi-amplicon-based, targeted, deep sequencing was performed for a panel of 64 genes, most commonly somatically mutated in MDS (*Online Supplementary Table S1*)^[@b8-1021028],[@b9-1021028]^ and those known to be affected by germline mutations (*Online Supplementary Table S2*).^[@b10-1021028]^ Customized probe sets amplified exons of target genes. Sequencing libraries were generated according to an Illumina paired-end library protocol and subjected to deep sequencing on MiSeq (Illumina) sequencers according to the standard protocol. A bio-analytic pipeline, devised in-house, as previously described,^[@b11-1021028]^ was applied to identify somatic mutations and (where appropriate) germline variants by comparison with germline controls, mutational databases (Entrez Gene^[@b12-1021028]^ the Ensembl Genome Browser,^[@b13-1021028]^ COSMIC^[@b14-1021028]^), and sequenced controls, Exome Aggregation Consortium (ExAC).^[@b15-1021028]^ Variant allelic frequencies of mutations were adjusted according to the zygosity and copy number based on single nucleotide polymorphism results. Serial samples and variant allelic frequencies were compared to determine clonal hierarchy, i.e. dominant and secondary mutations.

Statistical analysis
--------------------

Wilcoxon tests were performed for pairwise comparisons between continuous variables and the Fisher exact test was applied for categorical variables. Poisson regression was used to find the linear slope of mutations rates *versus* age. All *P* values were two-sided and values less than 0.05 were considered to be statistically significant. Analyses were performed using the R statistical program.

Results
=======

Demographic features of adults with "early onset myelodysplastic syndrome"
--------------------------------------------------------------------------

We analyzed 634 patients with primary MDS (excluding treatment-related or secondary MDS) with a median presentation age of 68 years (range 20--94) (*Online Supplementary Table S3*). When patients were age-ranked in 5-year increments ([Figure 1A](#f1-1021028){ref-type="fig"}), a unimodal age distribution was obtained, allowing the cohort to be empirically split into two groups: ≤50 years (n=65, with "early onset adult MDS"), and \>50 years (n=569, with "traditional age of diagnosis MDS"), corresponding to 10% and 90% of patients, respectively. The split at the age of 50 was further justified by the separate clusters that were present when survival by age group was analyzed (*Online Supplementary Figure S1A*). Additionally, 15% of patients were over 79 years old and analyzed in contrast to the other two groups as "late onset MDS." Accordingly, the median age of the early onset MDS group was 44 years (range, 20--50), that of the group between 50 and 80 years was 70 years (range, 51--79), and the median age of the late onset group was 83 years (range, 80--94). Women were over-represented among early onset patients, whereas the converse was true among MDS patients diagnosed at a traditional age (60% *versus* 32%, *P*\<0.0001) ([Figure 1A](#f1-1021028){ref-type="fig"}). There was no significant difference between the numbers of females with 5q deletion in these groups. The Surveillance, Epidemiology and End Results (SEER) age-at-diagnosis distributions were comparable to those of our cohort^[@b18-1021028]^ ([Figure 1B](#f1-1021028){ref-type="fig"}).

![Clinical features and demographics of patients with "early onset" myelodysplastic syndrome. (A) Distribution of Cleveland Clinic MDS patients by age and sex-related trends. (B) Distribution of age and sex in MDS SEER patients. (C) Mutational frequencies in patients ≤50, 51--79, and ≥80 years old detected by targeted deep sequencing and whole exome sequencing. (D) Average number of mutations in each MDS subtype in MDS patients ≤50 and \>50 years old. (E) Age-related increase in number of mutations.](1021028.fig1){#f1-1021028}

Clinical features of "early onset myelodysplastic syndrome"
-----------------------------------------------------------

Higher-risk MDS (refractory anemia with excess blasts-1/2) was more common among early onset MDS patients (35% *versus* 24%, *P*=0.048) while lower-risk MDS (refractory cytopenia with multilineage dysplasia, refractory anemia with ringed sideroblasts, refractory cytopenia with unilineage dysplasia, refractory anemia) predominated in MDS patients \>50 years of age (28% *versus* 41%, *P*=0.042). Additionally, 17% of patients ≤50 years old had MDS/myeloproliferative neoplasms (including chronic myelomonocytic leukemia), and 20% had secondary acute myeloid leukemia compared to 21% and 14%, respectively, in patients \>50 years of age (*Online Supplementary Table S4*). When grouped according to cytogenetic risk categories, survival differences were seen between patients ≤50 and \>50 years old (*Online Supplementary*[Figure 1B](#f1-1021028){ref-type="fig"}). There was no difference between patients ≤50 and \>50 years old with regards to a family history of cancer, including leukemia, or bone marrow failure (51% *versus* 54%, *P*=0.51; *Online Supplementary Table S4*). Family history of cancer was defined as a self-reported presence of one or more first-degree relative (parent, sibling, or child) with cancer, hematologic neoplasia, or bone marrow failure. When family history was restricted to only hematologic neoplasia or bone marrow failure, still no difference was seen between patients ≤50 and \>50 years old.

Patterns of molecular lesions
-----------------------------

When patients were screened for somatic mutations, more mutations were detected in patients \>50 years old by whole exome and targeted sequencing overall (*P*=0.05 and *P*=0.02, respectively) ([Figure 1C](#f1-1021028){ref-type="fig"}), as well as within molecular subtypes ([Figure 1D](#f1-1021028){ref-type="fig"}). The average number of mutations per case increased in a linear fashion with age (R^2^=0.947, [Figure 1E](#f1-1021028){ref-type="fig"}). Considering the subset of patients analyzed by whole exome sequencing, no difference in the pattern of transversions or transitions was identified in the mutational signatures of patients ≤50 and \>50 years old (*Online Supplementary Figure S2A*).

Focusing on specific lesions, *ASXL1* (9%), *TET2* (9%), *TP53* (9%), and *RUNX1* (8%) were the most frequently mutated genes in patients with early onset MDS ([Figure 2A](#f2-1021028){ref-type="fig"}). However, *SRSF2* and *TET2* mutations were less common in patients ≤50 years old (2% *versus* 10%, *P*=0.013 and 9% *versus* 19%, *P*=0.060; respectively ([Figure 2A](#f2-1021028){ref-type="fig"}). When categorized based on functional properties of affected genes, patients \>50 years old were found to have more spliceosomal gene mutations (*P*=0.025), epigenetic modifier mutations (*P*=0.007), and genes in the RAS family (*P*=0.08) ([Figure 2A](#f2-1021028){ref-type="fig"}) when compared to patients ≤50 years old. Normal karyotype was present in about one-half of all patients but no major differences were found in distribution of individual lesions, including complex karyotype (14% *versus* 8%, *P*=0.13) ([Figure 2B](#f2-1021028){ref-type="fig"}). In the linear fits of the average number of mutations *versus* age using Poisson regression, *TET2* and *SRSF2* mutation rates increased with age (*P*=0.001 and *P*=0.035, respectively ([Figure 2C](#f2-1021028){ref-type="fig"}). This trend was recapitulated by applying age-adjusted frequencies of *TET2* mutants to SEER MDS demographics ([Figure 2D](#f2-1021028){ref-type="fig"}), and parallels the trend seen in healthy controls ([Figure 2E](#f2-1021028){ref-type="fig"}). Previously, it was suggested that hydroxymethylation may prevent C-\>T transitions by decreasing MeCpG levels. Thus, more C-\>T transitions via MeCpG deamination would be expected in cases with founder *TET2* mutations.^[@b17-1021028],[@b21-1021028]^ However, when molecular signatures of cases with and without *TET2* mutants were analyzed, age-related C-\>T transitions were similar (*Online Supplementary Figure S2B*). When compared to all other patients, *TET2* mutant cases tended to display a higher number of additional mutations (*P*\<0.001; targeted, *P*=0.074 whole exome) (*Online Supplementary Figure S2C*). However, among patients without a *TET2* mutation, there was no difference in the number of mutations between patients ≤50 and \>50 years old (*Online Supplementary Figure S2D*). Analysis of clonal architecture revealed that *RUNX1*, *SF3B1*, and *TP53* were the most common dominant mutations in patients with early onset MDS. In contrast, *TET2*, *SF3B1* and *STAG2* were the most common dominant mutations in patients \>50 years of age. Overall, there was no difference in the distribution of variant allele frequencies between the groups of patients ([Figure 3A](#f3-1021028){ref-type="fig"}). Mutations were similarly distributed across functional gene families in MDS patients ≤50 and \>50 years old ([Figure 3B, C](#f3-1021028){ref-type="fig"}).

![Typical somatic defects in myelodysplastic syndrome patients ≤50 and \>50 years old. (A) Frequencies of somatic mutations in the most recurrently mutated genes in patients ≤50 and \>50 years of age. (B) Frequencies of cytogenetic abnormalities in patients ≤ 50 and \>50 years of age. (C) Percentages of somatic mutations according to age in selected genes. *P*-values correspond to the linear slope of mutation rates *vs*. age found using Poisson regression. Only the genes found to be significant are shown here. Epigenetic modifier genes include *DNMT3A*, *EZH2*, *KDM6A*, *IDH1/2*, and *TET2*. Spliceosomal gene mutations include *SRSF2*, *SF3B1*, *LUC7L2*, *U2AF1*, *ZRSRS*, *PRPF8*, and *DDX41*. (D) *TET2* mutational frequency per age group in MDS as predicted by SEER data and actual *TET2* mutation frequency in the Cleveland Clinic cohort. (E) Frequency of *TET2* mutations in healthy individuals and MDS patients by age.](1021028.fig2){#f2-1021028}

![Molecular characteristics of patients with myelodysplastic syndrome. (A) Comparison of variant allele frequencies across patients ≤50 *vs*. \>50 years old. (B) Distribution of dominant mutations in patients ≤50 *vs*. \>50 years old. (C) Distribution of all mutations in patients ≤50 *vs*. \>50 years old.](1021028.fig3){#f3-1021028}

Known familial mutations
------------------------

In an attempt to explain the early occurrence of MDS, the cohort of patients with early onset disease was analyzed for the presence of congenital mutations known to be associated with MDS, with a focus on mutations in genes frequently associated with a familial leukemia or marrow failure as previously described^[@b10-1021028]^ (the panel of genes tested is shown in *Online Supplementary Table S2*). Familial mutations were found in 12% of patients with early onset MDS, but a higher incidence of telomerase complex or Fanconi anemia gene variants was not found (*versus* 6% *P*=0.04) (*Online Supplementary Table S2*).

Discussion
==========

Investigations of disease demographics may reveal clues to pathogenic mechanisms, provide insight to correct diagnosis, and help identify disease variants or even new nosological entities. For instance, aplastic anemia shows a bimodal age distribution, with its first peak in children and young adults representing typical idiopathic disease, and the peak later in adults corresponding to a possible admix of patients with MDS, in particular hypocellular MDS.^[@b4-1021028]^ In contrast, *de novo* MDS tends to be a disease of older adults. Our cohort demonstrated a unimodal age distribution similar to that of SEER data.^[@b18-1021028]^ Patients with early onset MDS identified in this cohort could constitute an extreme outlier group, roughly 10% of the age continuum, or they could represent a separate disease sub-entity that pathogenically belongs to a different form of MDS such as childhood MDS or possibly juvenile myelomonocytic leukemia. With these hypotheses in mind, we analyzed the molecular profiles of MDS patients ≤50 and \>50 years old, incorporating chromosomal abnormalities and somatic mutations identified through either exome or targeted sequencing approaches with a rationally selected panel of the most common mutations associations with myeloid neoplasms.^[@b9-1021028]^ With age, the number of somatic events increased (as detected by both exome and targeted sequencing) while the percentage of patients with normal cytogenetics remained constant.^[@b17-1021028],[@b19-1021028],[@b20-1021028]^ This observation suggests age-related accumulation of mutational events and a higher molecular complexity the later a patient is diagnosed with MDS. Analysis of mutations identified by exome sequencing in patients ≤50 and \>50 years old did not reveal a higher rate of C to T transitions in older patients as previously described.^[@b21-1021028]^ Furthermore, the clonal burden did not differ between patients ≤50 and \>50 years old, suggesting that MDS is fully clonal at presentation.

Comparison of chromosomal and mutational patterns revealed several discrete differences suggesting that atypical patients with early onset MDS likely constitute an extreme group of a continuum rather than a separate entity. *TET2* and *SRSF2* were found to be more commonly mutated in the group of MDS patients \>50 years old. Supporting this finding, control cohorts document an increase in the incidence of asymptomatic *TET2* mutations with age, raising the possibility that such mutations represent pre-leukemic founder lesions with a long latency period before disease manifestation since the presence of sub-clonal events was associated with a subsequent risk of malignancies.^[@b6-1021028]^ Indeed, *TET2*, *RUNX1*, and *TP53* mutations were as frequent as in the Cancer Genomic Atlas data for a younger cohort of patients with acute myeloid leukemia.^[@b22-1021028]^ In a recent study of elderly patients with acute myeloid leukemia, genes in the spliceosomal complex as well as *TET2* were found to be altered more frequently than in younger cases, similar to what is seen in MDS.^[@b23-1021028]^ While there are marked differences in the mutational spectrum between early onset MDS and MDS patients diagnosed at a traditional age, overall our results suggest that patients with MDS ≤50 years old constitute part of a continuum rather than a specific group with a distinct molecular pathogenesis. Increased frequency of *TET2* mutations parallels the trend seen in healthy controls^[@b17-1021028],[@b20-1021028]^ with increasing frequency of *TET2* mutations with aging suggesting a disease-initiating role of these mutations in MDS that is consistent with increased MDS risk in asymptomatic mutant carriers.

Previously, somatic mutations of *SRSF2* and other spliceosomal genes were found exclusively in patients \>70 years old and, therefore, associated with age-related clonal hematopoiesis.^[@b17-1021028],[@b19-1021028],[@b20-1021028]^ In pediatric disease, including refractory cytopenia of childhood and juvenile myelomonocytic leukemia, we and others have also found a low rate of *TET2* and spliceosomal mutations.^[@b4-1021028]^ Similarly, the incidence of observed *TET2* mutations in this population followed the trend observed among healthy controls as previously reported.^[@b17-1021028],[@b20-1021028]^ However, in contrast to juvenile myelomonocytic leukemia, *RAS* gene family mutations were not predominant in patients with early onset adult MDS.^[@b24-1021028]^ We expect that early manifestation of MDS will be associated with familial disease, disease with a strong family history.^[@b10-1021028],[@b25-1021028],[@b26-1021028]^ Furthermore, *RUNX1* was the most common dominant mutation in patients ≤50 years old, and two out of five cases were confirmed to be germline. As expected, the most common mutation in patients \>50 years of age was *TET2*, well documented as a mutation associated with aging.^[@b17-1021028],[@b19-1021028],[@b20-1021028]^ Overall, our study suggests that the molecular underpinnings of early onset adult MDS, while distinct from juvenile forms of the disease, do not differ enough from MDS diagnosed at a traditional age to warrant a separate categorization.
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